A mathematical model of snail RPa1 neurons was previously developed based on the Hodgkin-Huxley formalism. This model is described by a system of nonlinear ordinary differential equations and shows several dynamical states, such as a steady state, a spiking state, and a bursting state, depending on parameter values. The present study performs a numerical simulation analysis of this model and investigates the effect of variation in certain parameters (i.e., transient voltagedependent calcium conductance and stationary calcium-inhibited calcium conductance) on the model. Variation in the former calcium conductance does not affect the current threshold for the transition from a steady state to a bursting state, whereas variation in the latter calcium conductance affects the current threshold. In addition, a decrease in the former calcium conductance increases bursting frequency, whereas a decrease in the latter calcium conductance decreases bursting frequency. These results will contribute to an in-depth understanding of the difference between two types of calcium conductances in the RPa1 neuron model.
Introduction
Previously, a mathematical model of snail RPa1 neurons was developed based on the Hodgkin-Huxley formulation [1] and described by a system of nonlinear ordinary differential equations (ODEs) [2, 3] . This model can show various types of dynamical states depending on parameter values [2] [3] [4] [5] . A previous study indicated that several ionic conductances contained in this model, such as a chemosensitive voltage-activated conductance and a chemosensitive sodium conductance, are important parameters for regulating the dynamical state of the model [3] . Another study also illustrated the time course of calcium currents during a bursting state [2] . Therefore, it is considered that calcium conductances contained in this model are also involved in regulating the dynamical state of the model. As studying membrane conductance is very important [6] , it is necessary to investigate, in detail, the effect of variation in calcium conductances on the model. The model includes two types of calcium conductance: transient voltagedependent calcium conductance and stationary calcium-inhibited calcium conductance. The present study performs a numerical simulation analysis of the RPa1 neuron model and aims to reveal, in detail, the differences between these two calcium conductances.
The Model
The present study numerically investigated a mathematical model of snail RPa1 neurons that was developed by Komendantov and Kononenko [3] . This model is described by a system of 8-coupled nonlinear ODEs and is based on the concept proposed by Hodgkin and Huxley [1] . State variables of this model are the membrane potential of RPa1 neurons [V (mV)], six ionic current gating variables (mB, hB, m, h, n, and mCa), and the concentration of intracellular calcium {[Ca] (mM)}. The time evolution of these state variables is described by Equations (1) to (8) as shown below: 11 11 
, where Cm (= 0.02 F) is membrane capacitance; Iapp is an externally injected current; gNa(V) (= 0.11 S), gNa (= 0.0231 S), gK (= 0.25 S), gB (= 0.1650 S), gNa(TTX) (= 400 S), gK(TEA) (= 10 S), gCa, and gCaCa are maximal values of chemosensitive sodium conductance, voltage-independent sodium conductance, voltage-independent potassium conductance, chemosensitive voltage-activated conductance, tetrodotoxin (TTX)-sensitive sodium conductance, tetraethylammonium (TEA)-sensitive potassium conductance, transient voltagedependent calcium conductance, and stationary calcium-inhibited calcium conductance, respectively; VNa (= 40 mV), VK (= −70 mV), VB (= −58 mV), and VCa (= 150 mV) are reversal potentials of sodium currents, potassium currents, a chemosensitive B current, and calcium currents, respectively; rho (= 0.002) is endogenous calcium buffer capacity; F (= 96485 C/mol) is a Faraday constant; R (= 0.1 mm) is cell radius; ks (= 50 s −1 ) is the rate constant of intracellular calcium uptake by intracellular calcium stores. Iapp, gCa, and gCaCa are control parameters in the present investigation. Iapp varied from 0 nA to −1.2 nA. Default values of gCa and gCaCa were 1.5 S and 0.02 S, respectively, and these two parameters varied from 50% to 150% of their default value. A detailed explanation of the above model is provided in [3] .
The free and open source software Scilab (http://www.scilab.org/) was used to numerically solve the model equations (1) 
Numerical Results
The present investigation of the snail RPa1 neuron model revealed four dynamical states: a steady state, a regular bursting state, an irregular bursting state, and an irregular spiking state. Examples of the time course of the membrane potential under these four dynamical states are shown in Figure 1 : a steady state is shown in Figure 1A , a regular bursting state in Figure 1B , an irregular bursting state in Figure 1C , and an irregular spiking state in Figure 1D .
The effect of variation in gCa on the model under conditions in which gCaCa was fixed to be a default value and Iapp was zero was investigated ( Figure 2) . A decrease in gCa (i.e., 150%→100%→80%) increased the frequency of regular bursting, and the irregular spiking state was observed at a very small value of gCa (50%). The effect of variation in gCaCa under conditions in which gCa was fixed to be a default value and Iapp was zero on the model was investigated (Figure 3) . In contrast to the above result, a decrease in gCaCa (i.e., 150%→100%→80%→50%) decreased the frequency of regular bursting. The effect of simultaneous variation in gCa and gCaCa on the model under conditions in which Iapp was zero was investigated ( Figure 4) . A decrease in both gCa and gCaCa from 150% to 100% increased the frequency of regular bursting, whereas a decrease in both gCa and gCaCa from 100% to 50% decreased the frequency of regular bursting.
Next, the effect of variation in Iapp on the model under certain gCa and gCaCa conditions was investigated ( Figure 5 ). Changes in gCa with gCaCa fixed to be a default value did not affect the Iapp threshold for the transition between a steady state and a regular bursting state ( Figure 5A ). An increase in Iapp under conditions in which the value of gCa was 50% of a default value and the value of gCaCa was a default value transformed the dynamical state of the model from a regular bursting state through an irregular bursting state to an irregular spiking state ( Figure 5A ). In contrast, an increase in gCaCa with gCa fixed to be a default value decreased the Iapp threshold for the transition between a steady state and a regular bursting state ( Figure 5B) ; the effect of an increase in both gCa and gCaCa simultaneously was the same ( Figure 5C ). 
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Discussion
The present investigation revealed the relationship between parameter variations and the transition between different dynamical states. In particular, the current threshold for the transition from a steady state to a regular bursting state is sensitive to variation in a stationary calcium-inhibited calcium conductance but not to variation in a transient voltage-dependent calcium conductance ( Figure 5) . Mathematical modeling studies of other neurons also revealed the relationship between parameter variations and dynamical state changes of the model [7] [8] [9] [10] . However, the RPa1 neuron model in the present study is more useful for studying a bursting state than the methods of these four previous studies, in which a bursting state was not observed.
The effect of a decrease in calcium conductance on the RPa1 neuron model was investigated previously [11] . This previous study shows that simultaneously setting two types of calcium conductance values to zero induces a decrease in bursting frequency. A similar conclusion was derived in the present study: a decrease in two types of calcium conductances simultaneously induces a decrease in bursting frequency ( Figure 4B, 4C, and 4D) . However, the previous study did not clarify the effect of varying each calcium conductance independently on the model [11] . An interesting novel finding of the present study is that two types of calcium conductances have the opposite effect on bursting frequency: a decrease in transient voltage-dependent calcium conductance induces an increase in bursting frequency (Figure 2A , 2B, and 2C), whereas a decrease in stationary calcium-inhibited calcium conductance induces a decrease in bursting frequency ( Figure 3A , 3B, 3C, and 3D)
Conclusion
The present study performed a numerical simulation analysis of a mathematical model of snail RPa1 neurons and investigated the effect of variation in different types of calcium conductances on the model in more detail than previous studies. The present results contribute to an in-depth understanding of the difference between transient voltage-dependent calcium conductance and stationary calciuminhibited calcium conductance in the RPa1 neuron model.
